Neutron planar waveguides are focusing devices generating a narrow neutron beam of submicron width. Such a neutron microbeam can be used for the investigation of local microstructures with high spatial resolution. The essential parameter of the microbeam is its angular width. The main contribution to the microbeam angular divergence is Fraunhofer diffraction on a narrow slit. We review and discuss various ways to characterize the angular divergence of the neutron microbeam using time-of-flight and fixed wavelength reflectometers.
I. INTRODUCTION
Neutron scattering is a powerful tool for the investigation of polymers, biological objects and magnetic systems because of the specific properties of neutrons: high penetration ability, isotopic sensitivity and intrinsic magnetic moment. Neutron scattering is a complementary method to X-rays, for example, for the investigations of magnetic materials in bulk.
Neutron beams at conventional instruments have a width 0.1 -10 mm. For the investigation of local aperiodic microstructures with high spatial resolution we need very narrow beams. Therefore in the last decades focusing devices in one or two dimensions have been developed, including capillary lenses, Fresnel lenses, elliptical neutron guides and bent crystal monochromators [i] . But these devices cannot achieve microbeam sizes less than 50 μm, restricted by physical properties or technology of the materials used. There are other disadvantages. For example, capillary lenses generate a strong background, Fresnel lenses focus only 20-40 % of the incident beam and elliptical neutron guides produce a beam strongly structured in space and divergence.
More effective focusing devices are planar waveguides. These are tri-layer film where the middle layer with low neutron optical potential is sandwiched by two layers with high neutron optical potential. In [2, 3] the polarized neutron microbeam from planar waveguides was used for the investigation of a magnetic microwire with high spatial resolution. The amorphous magnetic wire had axial magnetic domains in a compact core and circular domains in a wide shell [4] . A nonmagnetic waveguide was mounted on neutron reflectometer providing polarization analysis [5] . The method of Larmor precession of neutron spin at transmission [6, 7] was used in this experiment. In 
The angular divergence of the microbeam due to Fraunhofer diffraction (1) is directly proportional to the neutron wavelength  and inversely proportional to the guiding layer thickness d . In the experiment [2] the estimated width of the neutron microbeam for the distance l = 1 mm, the thickness of the guiding layer d = 150 nm and the neutron wavelength  = 4.0 Å was 2.6 µm. At the time-of-flight reflectometer REMUR [8] a neutron microbeam was registered [9] and the dependence F   was measured experimentally. In [10] this dependence was obtained for a set of the waveguides with the different thickness d .
In the present work we measured the contribution of Fraunhofer diffraction to the angular divergence of the microbeam at a fixed wavelength reflectometer ~1/ 
II. NETRON PLANAR WAVEGUIGES
In this section, we will briefly review the theory of neutron resonances in planar waveguides [11] . In Fig. 2 the geometry of planar waveguide is shown schematically. The neutron beam in air (medium 0) enters on the waveguide surface under the grazing angle i  . In Fig. 3a (50) //Si(substrate). The material Ni(67 at.%)Cu(33 at.%) is nonmagnetic at room temperature and has a large SLD. The middle layer Cu has a small SLD. Thus, SLD of the waveguide has a shape of a potential well. The neutron wave tunnels through the upper thin layer (medium 1) into the middle layer (medium 2) and is reflected almost totally from the bottom thick layer (medium 3). Then the neutron wave is partially reflected from the upper layer. The component of the neutron wavefunction depending on the coordinate z has a following form: where A is the amplitude, According to conventional definition, the case One can see one, two and tree maxima for the resonances n = 0, 1, 2, respectively. In Fig. 3d the neutron wavefunction density (points and left axis) and the reflectivity (line and right axis) are shown as a function of the grazing angle of the incident beam. The dashed line corresponds to the critical angle of total reflection. The maxima of the neutron wavefunction density correspond to the weak minima of the reflectivity. To see deep resonances at total reflection it is necessary to have a perfect structure, a very well collimated incident neutron beam and strong absorption in the resonator.
The resonantly enhanced neutron wave is propagating along the guiding layer like in a channel (Fig. 2) . Therefore this phenomenon is termed channeling. During the process of channeling the neutrons partly leak from the channel through the upper layer and exit in the direction of the specularly reflected beam. This channeled and reflected beam has a resonant nature but has the same width as the specularly reflected macrobeam in contrast to the narrow microbeam from the edge. Due to the leakage of neutrons from the channel through the upper layer the neutron wavefunction density decays exponentially in the direction along the channel as
where e x is the channeling length. According to the theory of neutron channeling in planar waveguides [12] the neutron channeling length depends on the parameters of the structure (upper layer thickness, channel width, potential well depth), the order of the resonances n = 0, 1, 2, ... and imperfections of the structure (dispersion of the layers thickness, interface roughness, etc.). The neutron channeling length in planar waveguides was measured experimentally for the first time in [13, 14] . In [15] we describe and discuss the channeling length measurement using an absorber on top of the waveguide surface. The channeling length was measured in dependence on the upper layer thickness and the resonance order [16] , the potential depth [17] , and the channel width [18] . For example, in [16, 19] the measured channeling length for the waveguide in Fig. 3a was x e =(1.70.2) mm.
There are several types of tri-layer systems with very similar potential well structure as in Fig. 3a but for different usage. To clarify this point, we briefly review literature. If the upper, middle and bottom layers are thin, then the transmitted beam has one strong resonance like in Fig. 3d and a corresponding deep minimum at total reflection. Thus, transmitted neutrons have a very narrow resonance band. Such structures are termed interference filters. The SLD of the layer material corresponds to the energy of ultracold neutrons of about 100 neV. Therefore interference filters were used for spectrometry of ultracold neutrons. The first multilayer interference filter was designed in 1974 [20] . The first experiments with neutron interference filters are discussed in [21, 22] . The applications of interference filters in the fundamental experiments with ultracold neutrons are reviewed in [23] .
If the upper and bottom layers are thin but the middle layer is relatively thick as in Fig. 3a then we observe many resonances in the region of total reflection. In transmission there are strong resonant maxima and in reflection there are corresponding deep resonant minima. This phenomenon is termed frustrated total reflection. Such tri-layer structures are the neutron analog of Fabry-Perot interferometer. In 1977 [24] the neutron analog of Fabry-Perot interferometer based on tri-layer structures was proposed. Ref. [25] reviews the experiments with these devices which are very sensitive to the parameters of the layered structure.
Resonators in Fig. 3a are used for the enhancement of neutron interaction with matter which can be registered by several ways: 1) dips at total neutron reflection (primary neutron channel); 2) maxima of neutron intensity (secondary neutron channel), namely off-specular neutron scattering on interface roughness, incoherent neutron scattering at interaction with hydrogen, spin-flipped neutrons at interaction with magnetically non-collinear layers, neutron channeling; 3) maxima of secondary irradiation including gammarays, alpha-particles, protons, tritons, and fission products.
For the first time in 1994 the layered resonator was used for observation of resonantly enhanced neutron interaction with matter: in [26] the dips on total neutron reflection from a layered polymer film were observed and in [27] the dips on total neutron reflection and maxima of gamma-irradiation were observed for the layer Gd 2 O 3 . In [28] the resonant minima at total neutron reflection and resonant maxima of alpha-particles intensity were registered for a layer of 6 LiF. The spin-flipped neutron intensity in specular and off-specular regions was observed for a thin magnetic Co layer placed inside a resonator [29] . The enhanced off-specular neutron scattering was observed in [30, 31] due to interface roughness. Additionally, in [30] the resonant maxima of spin-flip neutron intensity were observed when upper and bottom layers were magnetic. In [32] [33] [34] off-specular scattering of polarized neutrons was observed for the domain structure near interfaces. The review of methods of registration and application of neutron standing waves in layered structures was done in [35] .
Recently, the interest to use layered resonators is increasing again. For example, in [36] a layered resonator was used for the investigations of coexistence of magnetism and superconductivity. In [37, 38] the polarized neutron beam was used to change the potential well structure and thus select the different layers for enhanced neutron interaction. In [39] a magnetic layered resonator with uranium inside was proposed to create a compact atomic electrical power station. Using an applied magnetic field it is possible to change the magnetization of the external magnetic layers and the potential well depth. This changes the coefficient of enhancement of the neutron wavefunction density inside the resonator with uranium leading to reactivity modulation for the fission reaction. In [38] the resonant maxima of incoherent neutron scattering from hydrogen containing layers were registered directly.
A planar waveguide to produce a neutron microbeam was considered theoretically for the first time in 1973 in [40] . Such a waveguide is called 'prism-like waveguide' and consists of two parts. The first part is the resonant beam coupler with a thin upper layer. The second part is the waveguide with thick upper layer. For the first time the neutron microbeam from the exit face of the prism-like waveguide was observed in 1998 in [41] . Neutron channeling was observed for the first time in 1994 [42] in the prismlike waveguide in reflection geometry. In this case the waveguide had three parts: resonant beam-coupler, waveguide and resonant decoupler (the same as the first part). The prism-like waveguides have a rather complicated structure and therefore were not used broadly. The simple waveguide based on tri-layer structures as in Figs. 2 and 3a is a more simple and effective device. The neutron channeling in the simple waveguide was observed for the first time in [43] in reflection geometry. Unpolarized [44, 45] and polarized [46] neutron microbeams were obtained from the edge of the simple waveguide. The polarizing magnetic waveguide Fe/Co/Fe was investigated in [47] . The polarized neutron channeling can be used for the direct determination of the magnetization value of weakly magnetic films with high accuracy. Such materials containing rare-earth elements are promising for magnetic recording and switching [48] . In [49] the polarized neutron channeling method was proposed and calculations were done for the prism-like waveguide. In [50] calculations were made for the simple waveguides. In [51] this method of polarized neutron channeling was demonstrated experimentally for the film TbCo 5 . The sensitivity of the direct determination of magnetization value is about 10 G. In [52] [53] [54] different neutron methods for the investigation of magnetic films are discussed: Larmor spin precession, Zeeman spatial beam-splitting, neutron spin resonance in matter, and polarized neutron channeling.
III. FRAUNHOFER DIFFRACTION
The angular distribution of the normalized microbeam intensity is defined by Fraunhofer diffraction as:
where 0 (7) and (8) Eqs. (7), (8) correspond to Fraunhofer diffraction on a narrow slit with a homogeneous distribution of a neutron wavefunction density across the slit. For the resonance n = 0 this distribution is close to the homogeneous one. But for the resonances n > 0 the spatial distribution of the neutron wavefunction density inside the waveguide strongly depends on the coordinate z. In this case it is necessary to use the Fourier transform of the neutron wave function density for the calculation of the angular distribution of the neutron intensity [44] :
where B is the normalization factor which is defined from the fit. In eq. (10) we should include the angular resolution of the incident beam, the angular resolution of the detector and the neutron wavelength resolution.
IV. EXPERIMENT

A. Fixed wavelength mode
In this section we present the experimental results obtained on the fixed wavelength reflectometer NREX (reactor FRM II, MLZ, Garching, Germany) with horizontal sample plane. The spatial resolution of the 3 He two-dimensional position-sensitive detector (PSD) was 3 mm. The distance from the first slit after a monochromator to the sample was equal to 2200 mm and from the sample to the detector was 2400 mm. The second slit of the width about 0.7 mm was placed at the distance 200 mm before the sample and served for background suppression. Two Cd beam-stops were used for the reduction of the specularly reflected and the direct beams (Fig. 2) .
Two series of experiments were carried out. In the first experiment, the waveguide with nominal structure Ni 67 Cu 33 (20 nm)/Cu(150)/Ni 67 Cu 33 (50)//Si(substrate) was investigated (Fig. 3) . The substrate sizes were 25×25×1 mm Fig. 5d . The points are experimental data and lines are fit using Fourier transformation (10) of the neutron wavefunction density. The angular divergence of the incident beam, the angular resolution of PSD and the neutron wavelength resolution were included in calculations. Calculations describe the experimental data very well. One can see the weak central maximum for the resonance n=2 in contrast to Fig. 3c where the central peak for the neutron wavefunction density is strong. This fact corresponds to Fourier transformation (10) and experimentally confirmed in [44] .
The second set of the experiments at NREX reflectometer was carried out for the structures . The first slit height after the monochromator was equal to 0.25 mm, corresponds to the angular divergence of the incident beam of 0.0065. The neutron wavelength resolution was 1 % (FWHM). The PSD angular resolution was the same as before. For the Al 2 O 3 substrate the value of SLD is close to SLD for Cu in contrast to the case of Si substrate (compare with Fig. 3a) .
Therefore the refracted beam is close to the microbeam for the resonance n = 0. In Fig. 6b [8] with a vertical sample plane at the pulsed reactor IBR-2. The combined moderator containing the thermal and cryogenic parts was used. The neutron Maxwell spectrum of the polarized incident beam on the exit of the single supermirror polarizer is presented in Fig. 10 . This combined moderator reduces in 3 times the neutron intensity in the maximum of the spectrum in the region 1 -2.5 Å but increases the neutron intensity for the neutron wavelength > 2.5 Å up to 10 times compared to a thermal moderator. The neutron wavelength resolution is defined by the width of the reactor pulse 280 µs and equals to 0.0326 Å for the flight path from the moderator to the detector 34030 mm for REMUR. The distance from the first slit to the sample was 3065 mm and from the sample to the detector was 5030 mm. The first slit for the samples had the width 0.5 mm and the spatial resolution of the 3 He two-dimensional position-sensitive detector was 2.5 mm. This corresponds to the angular resolution of the incident beam 0.009 and the angular resolution of PSD 0.028. The detailed description of the experiments can be found in [9, 10] . (Fig. 11b) . The microbeams are marked by ellipses, the upper and the bottom horizontal lines are the rest of the specularly reflected and direct beams respectively and the bottom curved beam of high intensity is the refracted beam which overlaps the bottom part of the microbeams. For the waveguide with the channel width d = 180 nm (Fig.  11a) one can see the microbeams n=0, 1, 2, 3 The splitting between the maxima positions is increased when the glancing angle of the incident beam is increased and the waveguide channel width is decreased. One can see that the neutron wavelength at the resonance peak position can be increased by increasing the glancing angle of the incident beam. In Fig. 13 the integrated neutron microbeam intensity for the resonance n=0 is presented as a function of the grazing angle of the scattered beam for the waveguide channel 180 nm (a-c), 120 nm (d-f), 100 nm (g-i) and 80 nm (j-l). The incident angle and the neutron wavelength correspond to the resonances in Fig. 12. Fig. 13a shows the peak of the microbeam n=0 near horizon 0 f   . The neighbor left peak is the refracted beam, the last left peak is the rest of the direct beam and the right peak is the rest of the reflected beam. Bold line is calculations using Fourier transformation (10) with the parameters extracted from the fit of reflectivities [10] . Calculations describe the experimental data within the error bars. The width of the microbeam peak is increased by increasing grazing angle of the incident beam and decreasing of the waveguide channel width. For the channel width 80 nm (Figs. 13j,k,l) broad maxima of the neutron microbeam corresponding to calculations are visible. In Fig. 14 the integrated neutron microbeam intensity for the waveguide channel 180 nm is presented as a function of the grazing angle of the scattered beam for the resonances n=0 (a), n=1 (b), n=2 (c), n=3 (d) and n=4 (e). Points are the experimental data and the bold line is calculated using Fourier transformation (10) . Calculations describe satisfactory the right part of the neutron intensity distribution. The left part of the microbeams is covered by the refracted beam.
In Fig. 15 the analysis of the experimental angular width of the neutron microbeam n=0 is shown. In Fig.  15a the angular width of the neutron microbeam for the waveguide channel 141.7 nm is presented as a function of the neutron wavelength [9] . Closed symbols correspond to the experimental angular width f  , open symbols correspond to Fraunhofer diffraction contribution F  extracted from the experimental data using (2) and line is the Fraunhofer diffraction calculations using (7)- (9) . One can see that the experimental data for 
V. DISCUSSION
Neutron sources provide divergent beams with large cross sections and low brilliance. Focusing of such beams on small spots with reflection optics based on the low total reflection angles in the order of one degree is challenging and generally not possible. Modern synchrotron x-ray sources deliver brilliant beams with low cross section and low divergence. Although the total reflection angles comparable to those for neutrons, focusing of x-ray beams to submicrometer spots is feasible and frequently used. For neutrons, the use of planar waveguides to generate beam with sub-µm size is an interesting alternative.
Based on the discussion in the preceding sections, a few general rules for the design of planar waveguides generating microbeams can be defined. 1) The width d of the guiding channel should be adapted to the required resolution, but it should not be smaller. 2) A rather short neutron wavelength of about 2 Å is favorable.
3) The investigated sample should be placed as close as possible to the waveguide edge, preferably at a distance of about 1 mm. In this geometry, nonmagnetic waveguides and polarization analysis should be used for the investigation of magnetic microstructures, as in this case the use of a magnetic field on the sample does not affect the non-magnetic waveguide. In [2, 3] we used electromagnetic coils to rotate the magnetic field with respect to the investigated micro-wire placed at the distance of 1 mm from the waveguide edge. Thus, we have demonstrated the use of an electromagnet in the experiment with the neutron microbeam from the planar waveguide.
The requirement to place the waveguide close to the sample is not a severe limitation, as these waveguides are quite short. As the neutron channeling length is around 2.5 mm, the waveguide length can be limited to about 5 mm, as the gain of longer waveguides is negligible. The short 5 mm waveguides can easily be placed in complicated sample environments, such as cryostats. In [3] different ways for neutron microbeam shaping are discussed, including narrow slits from absorbing material plates, such as GGG crystals, and total neutron reflection from short substrates, such as Si, under a small grazing angle, and planar waveguides. The most versatile method is total reflection, which has the following advantages: high neutron intensity, compatibility with the time-of-flight technique, a low background level, and a small microbeam broadening in the order of 0.1 -1 μm/mm. The achievable microbeam width of 30 μm is much larger than those of planar waveguides in the order of 1 μm. As the microbeam intensity is about 10 -2 of the reflected and refracted beams, background suppression is crucial. One major contribution for background, especially for a short neutron wavelength, is caused by scattering on the detector window. Therefore beamstops for the reflected and direct beams should be used. The refracted beam might be blocked by using a substrate of absorbing materials (for example, GGG or boron glass). To separate the refracted beam from the microbeam corresponding the resonance order 0 n  at a fixed neutron wavelength, a structure of the waveguide should be adapted by varying the following parameters: the SLD of the substrate, the thickness of the bottom layer with a high SLD, or by choosing a substrate with high SLD, comparable to the SLD of the bottom layer.
To date, we have shown the feasibility of neutron microbeams in several experiments. A polarized neutron microbeam intensity of about 1 n/s at the PRISM reflectometer using a neutron wavelength of 4.0 Å proved sufficient to scan a magnetic microwire in a reasonable measuring time of about 10 hours [2, 3] .
At the NREX reflectometer, a neutron microbeam intensity 10 n/s for a neutron wavelength 4.26 Å was sufficient to use the polarized neutron channeling method for the investigation of the weakly magnetic films of TbCo 5 [16] and TbCo 11 [55] . Thus we have demonstrated the feasibility of polarized neutron microbeam applications for the investigations of magnetic nanostructures at fixed wavelength reflectometers.
At the time-of-flight reflectometer REMUR, the neutron microbeam intensities of about 10 -2 n/s were achieved, strongly dependent on the neutron wavelength. We used the combined (cryogenic and thermal) moderator to increase the neutron intensity for the large wavelengths. Such a microbeam intensity is sufficient for the investigation of microbeams or waveguides themselves [9, 10, 56] , and also for polarized neutron channeling in the weakly magnetic film TbCo 11 [57] . This situation is improved at highflux neutron sources, such as the ESS. 
